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In turn, various defect-engineering strategies have been developed, including numerous chemical routes, which are designed to counteract the effects of or create specific defects to improve materials performance. [6, [12] [13] [14] [15] [16] What has not been undertaken, however, is an approach akin to that applied in semiconductors wherein the properties of a material are deterministically altered by controlled introduction of specific defects in nearly perfect crystals such that we minimize those defects that detrimentally impact properties and introduce those that enhance the desired properties.
In this work we show how a defect-engineering method widely used in semiconductors can be implemented in complex-oxide ferroelectrics resulting in marked improvement of properties. Ion bombardment, which enables the controlled introduction of point defects and, in turn, tuning of the electrical properties of semiconductors, [17] enables production of specific regions of high resistivity on a wafer and allows one to isolate neighboring active device regions (hence the name "ion bombardment for isolation"). In such systems, ion bombardment is thought to produce defects which are associated with mid-gap states that act as traps and lead to semi-insulating behavior. [17] There has been similar work in complex oxides, wherein ion bombardment has been used to locally disrupt material properties. [18, 19] Borrowing from these works, we explore a new approach for improvement of ferroelectric materials via controlled introduction of ionbombardment-induced defects. In particular, we demonstrate that in the ferroelectric PbTiO 3 , producing films with a high degree of crystallinity and chemical stoichiometry results in some of the least desirable properties (i.e., high leakage currents and losses) that would preclude such materials from use in any device. In turn, structural disorder and defects induced in situ by knock-on damage during growth or ex situ via ion bombardment can lower leakage currents by up to 5 orders of magnitude and improve the ferroelectric device performance. A combination of impedance spectroscopy, temperature-dependent current-voltage, and deep-level transient spectroscopy (DLTS) studies reveal no change in the conduction mechanism, but systematic changes in the trap energy from 0.24-0.27 eV in as-grown, pristine films to 0.93-1.01 eV for the ion-bombarded films which corresponds to a complete quenching of the shallow trap states. All told, the improved electrical performance is attributed to the formation of knockon-damage induced defect complexes and clusters which produce deeper trap states and reduce free carrier transport. In turn, this approach shows that, akin to classic semiconductor materials, "pristine" materials are not always better and Defects are unavoidable in crystalline materials, and even in the most "perfect" materials there are always finite concentrations of various structural and compositional defects. [1] The presence of defects, in turn, can dramatically impact material properties; however, that impact is not always adverse and often the specific characteristics of materials can be engineered through controlled defect introduction. Semiconductor systems are an example in which defect engineering is extensively used to tailor properties. Years of development have gone into the production of large-scale, high-purity crystals with extremely low concentrations of grown-in defects. [2, 3] These high-quality crystals, however, typically have limited utility in their pristine state and must be further processed to be used in devices. In fact, the wide-spread use of semiconductors in a range of applications is made possible by the finely-controlled and purposeful introduction of intrinsic and extrinsic defects which is accomplished through a variety of well-established techniques. [4] Defect engineering in oxides, however, lags behind that in classic semiconductor systems due to the more complex nature of defects and difficulties in their characterization. [4] Add to this the fact that many complex oxides can accommodate large concentrations of defects and many atomic percent of nonstoichiometry prior to the formation of secondary phases, [5] and the complexity associated with controlling these materials becomes apparent. This said, like the classic semiconductor systems, even small concentrations of defects can induce dramatic changes in the electronic, dielectric, thermal, and other properties of oxides. [6] [7] [8] [9] [10] [11] For example, in ferroelectric oxides, the presence of defects are regularly blamed for the degradation of performance by increasing leakage, reducing polarization, inducing fatigue, exacerbating aging, and prompting imprint. [6] wileyonlinelibrary. Figure S1 , Supporting Information).
θ-2θ X-ray diffraction studies (Figure 1a ) reveal that all heterostructures are epitaxial and single phase, but with marked differences in the crystalline quality of the various heterostructures. We note that the substrate and SrRuO 3 bottom electrode diffraction peaks are consistent and similar, regardless of the growth conditions of the top PbTiO 3 . The low-pressure O 2 heterostructures (bottom, Figure 1a ) exhibit relatively broad, lowintensity diffraction peaks which are slightly shifted to the left of their expected position (indicating a slightly expanded lattice parameter). On the other hand, the high-pressure O 2 /Ar (middle, Figure 1a ) and O 2 (top, Figure 1a ) heterostructures exhibit high crystallinity as indicated by the presence of sharp, high intensity film peaks and two additional double-diffraction (Umweganregung) reflections [20] (at 24.01° and 45.08°) [21] which are only observed in highly crystalline heterostructures with coherent interfaces. The differences in crystalline quality are further supported by comparison of the full-width-at-half-maximum (FWHM) of the ω-scans (rocking curves) about the 002-diffraction condition of film and substrate (Figure 1b) . For all heterostructures, the SrTiO 3 substrates are essentially identical (FWHM of 0.023°-0.026°). The high-pressure O 2 and O 2 /Ar heterostructures exhibit relatively narrow rocking curves of 0.038° and 0.045°, respectively; indicating the excellent structural quality. The same analysis of the low-pressure O 2 heterostructures, however, reveals a full order of magnitude broader rocking curve (0.368°); indicative of considerably lower crystalline quality.
In order to study the properties of these films, symmetric SrRuO 3 capacitor structures were fabricated using established techniques (Experimental Section) [22] and dramatic differences were observed in the leakage characteristics of the heterostructures ( Figure 1c ). The high-pressure O 2 and O 2 /Ar heterostructures reveal more than 2 orders of magnitude higher leakage current densities as compared to the low-pressure O 2 heterostructures. In turn, the high leakage current density of the heterostructures grown in high pressures precludes measurement of closed, saturated ferroelectric hysteresis loops, while nearly-square, fully saturated and closed hysteresis loops can be measured for the low-pressure O 2 heterostructures (Figure 1d ).
This dramatic difference in crystalline quality, transport, and ferroelectric properties of the films grown at low-and high-pressures cannot be attributed simply to differences in stoichiometry. RBS studies revealed the films were nominally stoichiometric with respect to the cations. Furthermore, the high-pressure O 2 /Ar heterostructures were produced at the same oxidative potential as the low-pressure O 2 heterostructures, but exhibit crystalline quality and properties akin to the high-pressure O 2 heterostructures, thus ruling out oxygen stoichiometry as a potential cause of the variations in crystalline quality and properties. We also note that ex situ anneals of the low-pressure O 2 heterostructures at 600 °C for 3 hours in 760 Torr of oxygen also resulted in no obvious changes to the structure, transport, or ferroelectric properties ( Figure S2 , Supporting Information). In turn, we propose that the differences between low-and high-pressure heterostructures stem mainly from the overall magnitude of the growth pressure, and hence from the difference in kinetic energy of the incoming adatoms. As the growth pressure is decreased, the adatoms undergo less scattering events in transit to the substrate and thus arrive with higher kinetic energy, [23, 24] resulting in knock-on damage, and formation of structural defects (isolated point defects, complexes, or clusters), consistent with the expanded lattice parameter and low crystalline quality, which, in turn, could be responsible for reduction of the leakage and improvement of ferroelectric properties.
To explore this concept, a series of ex situ ion-bombardment experiments with varying bombardment doses (10 14 -10 16 cm −2 ) were conducted on the high-pressure O 2 heterostructures. For these experiments, He 2+ ions with an energy of 3 MeV were made incident across the entire sample (Experimental Section). SRIM (the stopping and range of ions in matter) and TRIM (transport of ions in matter) simulations (Experimental Section) suggest that lead, titanium, and oxygen vacancies are formed in the film as a result of bombardment, resulting in a defect concentration of the order of 10 18 -10 20 cm −3 for the dose range 10 14 -10 16 cm −2
. Furthermore, the high incident energy was chosen because the simulations suggest essentially no He 2+ ions are implanted into the film, but instead the He 2+ ions are stopped at an average depth of ≈13.5 μm, deep into the SrTiO 3 substrate ( Figure S3 , Supporting Information). RBS studies were completed before and after ion bombardment ( Figure S4 , Supporting Information), and reveal no change in the chemistry of the heterostructures for any dose studied herein. Increasing the irradiation dosage, however, does systematically worsen the crystalline quality of the heterostructures as manifested by a gradual increase of the FWHM of the rocking curve for the 002-diffraction condition from 0.0345° for the as-grown, high-pressure O 2 heterostructures to 0.1627° after a He 2+ dose of 10 16 lattice parameter is also observed upon ex situ bombardment of the high-pressure O 2 heterostructures similar to what was observed in the in situ bombarded heterostructures ( Figure S5 , Supporting Information). It appears that the ex situ bombardment of a highly crystalline, high-pressure O 2 heterostructure can make it exhibit a similar crystallinity -or lack thereof -to the in situ bombarded, low-pressure O 2 heterostructures.
To further confirm the similarities between in situ and ex situ bombarded heterostructures, high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) and low-angle annular dark-field STEM (LAADF-STEM) studies were completed. The HAADF-STEM provides chemical information in the form of Z-contrast, while LAADF-STEM is additionally sensitive to structure or anything that dechannels the transiting electrons (e.g., phonons or strain fields from point defects). [25, 26] Examination of the high-pressure O 2 heterostructures reveals uniform contrast in both the LAADF-STEM and HAADF-STEM images suggesting uniform structure and chemistry and minimal defect density (Figure 2b,c) . Following the ex situ bombardment (dosage of 10 16 cm −2 ), however, these heterostructures are found to change dramatically wherein LAADF-STEM images show the formation of splotchy contrast likely due to the formation of point defects and clusters (Figure 2d ), [27] although no Z-contrast is observed in HAADF-STEM images. Finally, the LAADF-STEM images (Figure 2f ) of the low-pressure O 2 heterostructures exhibit similar splotchy patterns to the ion-bombarded heterostructures, again with no Z-contrast in HAADF-STEM images (Figure 2g ) suggesting that the bombardment from the in situ high-energy adatoms and that from the ex situ He 2+ bombardment produce similar defect types.
The ex situ He 2+ bombardment also has a similar effect to the in situ bombardment at low pressures on the transport and ferroelectric properties of the heterostructures. Increasing He 2+ dosage systematically decreases the leakage current density of the heterostructures grown at high pressures by up to 5 orders of magnitude (Figure 3a) , concurrent with lowering the crystalline quality of the films. As a result of this reduction of leakage, fully saturated ferroelectric loops with saturation polarization of ≈78 μC cm −2 (similar to that of the low-pressure O 2 heterostructures) are obtained in the dose range of 3.33 × 10 15 -1.00 × 10 16 cm −2 (Figure 3b ).This further supports the idea that formation of knock-on-damage-related defects is responsible for lower leakage in the in situ and ex situ bombarded heterostructures as compared to the "pristine" high-pressure heterostructures.
To better understand the mechanism for the dramatic changes in electrical leakage, we have leveraged an array of characterization techniques. First, impedance spectroscopy (Experimental Section) provides a way to differentiate between various contributions to the overall resistive response. Nyquist impedance plots can contain several semicircles wherein each semicircle is characteristic of a single time constant or transport mechanism. [28, 29] (Figure 3c) . In all cases, only a single semicircle was observed; suggesting a single transport mechanism dominated by the bulk of the film. The magnitude of resistance (extracted from the intercept of the semicircles on the real axis), however, was found to vary greatly from 1. Having established that the transport remains bulk mediated, we proceeded to understand the origin of the large differences in the conductivity by applying both DLTS and temperature-dependent current-voltage (I-V) measurements (Experimental Section and Supporting Information). DLTS measurements can be used to probe a variety of trap states present in a material [30] while I-V studies can be used to reveal the dominant trap states and conduction mechanisms. DLTS data (i.e., the difference in transient capacitance at two different times t 1 and t 2 after a filling pulse) were obtained for five different rate windows at temperatures from 100 to 425 K (Figure 4a-c) and the activation energy of each trap state can be extracted from the shift of the DLTS peaks with temperature ( Figure S6 (Figure 4b) , only a single high-temperature peak was observed corresponding to an activation energy of 0.56 eV albeit with a much lower intensity compared to the similar peak in the highpressure O 2 heterostructures. Moreover, this high-temperature peak in the in situ bombarded low-pressure O 2 heterostructures is broader and shifted in temperature compared to the same peak in the high-pressure O 2 heterostructures. Broadening of DLTS peaks is usually attributed to the formation of defect clusters which can give rise to a distribution in emission energy of the defect, while shifts of a peak can be caused by changes in the environment surrounding the defect or the defect configuration. [31, 32] Finally, no DLTS signal could be measured for the He 2+ bombarded, high-pressure O 2 heterostructures (Figure 4c ) within the same temperature and time windows.
I-V measurements were carried out in order to identify the dominant conduction mechanism and trap state in each heterostructure. For the high-pressure O 2 , low-pressure O 2 , and He 2+ bombarded, high-pressure O 2 (dosage of 10 16 cm −2 ) heterostructures, Poole-Frenkel emission was identified as the dominant conduction mechanism at fields >100 kV cm −1 ( Figure S7a-c, Supporting Information) . I-V response was obtained at different temperatures ( Figure S7d -f, Supporting Information), and the activation energies were extracted for different applied electric fields (Figure 4d-f) . From these fits, the dominant trap states were found to have activation energies of 0.25-0.27, 0.46-0.50, and 0.93-1.01 eV for the high-pressure O 2 , low-pressure O 2 , and He 2+ bombarded, high-pressure O 2 (dosage of 10 16 cm −2 ) heterostructures, respectively.
These results can be understood by examining the nature of conduction and defects in these materials. The conduction in PbTiO 3 and PbZr 1−x Ti x O 3 systems is typically p-type and mediated by lead-site defects (hole conduction attributed to lead vacancies, Pb 3+ centers, or impurities) (Supporting Information). [33] [34] [35] [36] [37] [38] These mobile holes lead to a lowering of the electrical resistivity and poor ferroelectric performance. Prior work has identified a shallow hole trap with an activation energy of ≈0.26 eV which has been attributed to Pb 3+ Adv. Mater. 2016, 28, 10750-10756 www.advmat.de www.MaterialsViews.com centers. [35, 39] Furthermore, the ionization level of lead vacancies has been calculated to be 0.56 eV from the top of valence band [36] and an acceptor level located 0.39 eV above valance band edge has been measured in PbZr 1-x Ti x O 3 . [40] Additionally, although oxygen vacancies are also present and compensate some (or most) of the holes (thus weakening the p-type conduction), oxygen vacancy-related defects are thought to be relatively deep donors [36] limiting the potential for n-type conduction (which is consistent with the fact that n-type conductivity is less frequently observed in PbTiO 3 systems, even at low oxygen pressures). [33, 34, 36, 41, 42] Finally, studies have indicated that Ti 3+ centers can also be present and act as deep electron traps located 1 eV or more below the conduction band edge. [35, 37, 38, 43] Thus, we conclude that the transport in the high-pressure O 2 heterostructures is dominated by Pb 3+ centers (trap energy of 0.25-0.27 eV), that in the low-pressure O 2 heterostructures it is dominated by lead vacancies (trap energy of 0.46-0.50 eV), and that in the He 2+ bombarded, high-pressure O 2 heterostructures it is dominated by a much deeper state (trap energy of 0.93-1.01 eV) which is most likely associated with deep lying defect complexes, although the energy also matches with the values reported for Ti 3+ centers.
What all of these data come together to reveal is that producing the "best" material (in this case a material with high crystallinity and nearly ideal stoichiometry) does not necessarily result in the ideal properties. In particular, in PbTiO 3 , such high-pressure O 2 heterostructures are dominated by the presence of isolated point defects, namely Pb 3+ and lead vacancies (as detected by DLTS and I-V), which give rise to readily activated shallow trap states and, in turn, enhanced hole conduction and poor ferroelectric performance. Upon either in situ or ex situ bombardment, the production of higher concentrations of defects results in the production of deeper trap states associated with defect complexes. In the low-pressure O 2 heterostructures, the data suggest that all trap states associated with shallow Pb 3+ centers are quenched, but that some trap states associated with lead vacancies (which occurred in much higher concentrations even in the highpressure O 2 heterostructures) remain. In the He 2+ bombarded, high-pressure O 2 heterostructures, the more aggressive introduction of defects results in in complete quenching of both the trap states associated with the Pb 3+ and lead vacancies, and thus a dramatic reduction of the conductivity of the films. Besides impacting the trap states available in the material, the defects/ disorder induced by the in situ or ex situ bombardment could also have the added benefit of lowering the carrier mobility (via lattice, defect, and impurity scattering). All told, the combined effects manifest themselves as a ≈5 order of magnitude reduction of leakage current. We also note that earlier work on low-energy oxygen-ion bombardment of ferroelectrics [44] [45] [46] also showed the potential to control ferroelectric properties. This early work, however, did not delve into the mechanism for the improved properties and perhaps the current work begins to better explain these observations and provide a framework by which additional control of materials can be produced.
In conclusion, our experimental observations show that the growth of high-quality thin films does not necessarily lead to optimum properties. We have demonstrated that even small concentrations of defects present in these films, which are hard-to-detect using conventional techniques such as X-ray diffraction, can dramatically affect the properties. The defects responsible for poor transport and ferroelectric properties in PbTiO 3 thin films are identified to be isolated point defects such as Pb 3+ centers and lead vacancies, which contribute to hole conduction. Introduction of bombardment-induced defects is shown to be an effective way to quench these trap states by turning them into deep lying defect complexes and clusters which, in turn, leads to a dramatic reduction of leakage current by up to 5 orders of magnitude and improvement of ferroelectric device performance.
Experimental Section
Heterostructure Growth: Heterostructures were grown via pulsedlaser deposition using a KrF excimer laser (248 nm, LPX 300, Coherent), in an on-axis geometry with a 60 mm target-to-substrate spacing. Films were grown on SrTiO 3 (001) single-crystal substrates (Crystec, GmbH) from ceramic targets with chemistries SrRuO 3 and Pb 1.1 Ti 1.0 O 3 . Targets were sanded, cleaned, and sufficiently preablated prior to every growth to assure the target surface had reached steady state prior to film deposition. The SrRuO 3 bottom electrodes were grown at a heater temperature of 690 °C in a dynamic oxygen pressure of 100 mTorr at a laser repetition rate of 14 Hz and a laser fluence of 1.3 J cm −2 . The PbTiO 3 films were grown at a heater temperature of 675 °C in a dynamic oxygen pressure of 200 mTorr (high-pressure) or 50 mTorr (lowpressure) at a laser repetition rate of 15 and 2 Hz, respectively (in order to maintain the cation ratio as close as possible to the stoichiometric composition) while maintaining the laser fluence to be 1.9 J cm −2 . A third variant of PbTiO 3 film was grown at a total pressure of 200 mTorr, but with a mixture of 50 mTorr of oxygen and balance Ar to explore the role of lower oxidative potential, but higher deposition pressures. All other conditions were the same as the 200 mTorr growth in pure oxygen. Following growth, the films were cooled down at a rate of 5 °C min −1 . to room temperature in an oxygen pressure of 700 Torr.
Chemical Analysis: Film chemistry was probed via RBS with an incident He-ion energy of 3040 keV, an incident angle α = 22.5°, an exit angle β = 25.35°, and a scattering angle θ = 168° in the Cornell geometry. RBS samples were also grown on SrTiO 3 (001) substrates concurrently with the films studied herein. Following the measurements, modeling fits of the data were completed using the built-in fitting program in the RBS analysis software SIMNRA (simnra.com).
Transport and Ferroelectric Properties: Circular capacitors with radius of 50 microns were produced. Top SrRuO 3 electrodes were grown at 550 °C (in order to minimize lead-loss during processing) while all other conditions were the same as the bottom SrRuO 3 electrode growth following established procedure. [22] Ferroelectric hysteresis loops were measured using a Precision Multiferroic Tester (Radiant Technologies) at frequencies from 0.1 to 100 kHz. Transport properties were measured using a Keithley 6517B programmable electrometer over a temperature range of 300-470 K, in both positive and negative polarities, using an unswitched triangular voltage profile (in order to prevent any contributions from switching currents) with maximum ±3 V bias.
STEM Analysis: Cross-sectional TEM specimens were prepared by tripod mechanical polishing at an angle of 1° followed by low-angle argon-ion milling at 4 keV. The ion bombarded samples were glued to a pristine SrTiO 3 wafer prior to polishing to confirm that defects were not induced through the sample preparation process. HAADF-STEM and LAADF-STEM images were acquired on a F20 UT Tecnai operated at 200 keV.
Ion Bombardment: Ion bombardment was carried out in the Pellatron located at Lawrence Berkeley National Laboratory using He 2+ ions with an energy of 3 MeV and incident angle α = 0° and exit angle β = 12.00° in the Cornell geometry. A large aperture size (comparable to the size of the sample) was used in order to achieve a uniform irradiation dose across the entire surface of the heterostructure.
